The effects of increasing concentrations of Zn(II) and Cd(II) on the expression of the four isometallothioneins (isoMTs), namely MT-la, MT-2a, MT-2d and MT-2e, in rabbit kidney cells (RK-13) and the development of cellular tolerance to these metal ions were studied. The results showed that, whereas in parental cells MT concentration was low and composed nearly exclusively of MT-2a and MT-la, all four isoMTs increased massively in abundance when the cells were exposed to toxic concentrations of Zn(II) or Cd(II), the relative increase being largest in the two minor isoforms MT-2d and MT-2e. While the response of the four isoMTs to the challenge by Zn(II) or Cd(II) was qualitatively comparable, there were differences in sensitivity and delay time, Cd(II) being the more efficient inducer and much faster in eliciting the onset of isoMT synthesis. An even larger production of isoMTs resulted when RK-13 cells were cultured in the   INTRODUCTION 
INTRODUCTION
Metallothioneins (MTs) are cysteine-rich, metal-binding proteins believed to be involved in metal homoeostasis and in the protection of cells and tissues from the cytotoxic effects of soft heavy-metal ions such as Zn(II), Cd(II), Cu(I) and Hg(II) [1] . In many species MTs are polymorphous proteins occurring in several isoforms (isoMTs) encoded by different genes. Thus, the human genome is known to contain 14 MT genes, all of them located on chromosome 16 [2] . More recent studies also gave evidence for the existence of at least six distinct isoMTs in rabbit tissues (P. E. Hunziker, P. Kaur, M. Wan and A. Kanzig, unpublished work).
MT gene promoters are structurally complex, and consist of multiple cis-acting DNA sequences required for basal, as well as for inducible, gene transcription [3] . Although the fine structure of the promoter regions of the various MT genes is quite disparate all MT gene promoters contain cis-acting DNA sequences termed metal-responsive elements (MREs), which are thought to represent binding sites for trans-acting metal transcription factors modulating the level of transcription of the MT genes in response to the environmental metal concentration [4, 5] . The fine structure of the rabbit MT-I gene promoter showed that it contained 11 MREs in the 5'-untranslated upstream sequence of this gene [6] .
Since MT is inducible by many agents and conditions, such as metal ions, hormones, cytokines and various forms of physical and chemical stress [7] , and since these effects are known to be mediated through different promoters and enhancers, transcrippresence of a series of metal concentrations yielding sub-lines of increased metal tolerance. In this instance too, there were marked differences in the response to Cd(II) and Zn(II). Thus, in cells of sub-lines selected for tolerance to moderate concentrations of Cd(II) the kinetic analysis of isoMT accretion gave indications of a saturable induction process while no such evidence was forthcoming for Zn(II). In sub-line cells selected for tolerance to the highest concentrations of Cd(II) or Zn(II) isoMT formation was increased by another order of magnitude, reaching for some isoforms a 100-to 1000-fold augmentation over the amounts measured in cells of the unexposed parental cells. A potentiation of this magnitude goes beyond the range of ordinary regulation of gene expression. It is to be viewed instead as an enlargement of the capacity of isoMT synthesis acquired by a variety of mechanisms in the surviving cells.
tion factors and signalling pathways [8] , it is an attractive hypothesis that the various isoforms can be elicited differentially by the appropriate stimuli and may in fact play somewhat different cellular roles. Earlier studies have indeed shown that the expression of certain isoMT genes can differ in their response to inducing factors [9, 10] and that it is also cell-and tissue-specific [7] . Thus, while dexamethasone was found to be a good inducer of MT synthesis in murine liver [11] it had no significant effects in kidney [12] , a finding also reported for the RK-13 cell-line derived from rabbit kidney [13] .
We have demonstrated that RK-13 cells express four distinct isoMTs previously identified in rabbit liver and kidney and we have established a chromatographic method for their separation, characterization and accurate quantification [14] . In the present study we used this method to monitor, on the protein level, the expression of the four rabbit isoMT genes in response to the exposure of parental Cell culture RK-13 cells were purchased from Flow Laboratories (Rickmansworth, Herts., U.K.). The cells cultured in 100-mmdiam. tissue-culture dishes (Corning, New York, NY, U.S.A.) at 37°C, with 10 % CO2 in DMEM supplemented with 10 % (v/v) FCS, 2.5 mg/I amphotericin B, 50 mg/l gentamicin and 292 mg/l glutamine. Metal stock solutions (CdCl2 or ZnCl2, in 5 mM HCl) at an appropriate concentration were added to the cultures 24 h after the cells were seeded. They were grown in the presence of a constant metal concentration for the time periods indicated. Cells from 2-3 culture dishes were used for the quantification of isoMTs. Viable cells were determined by Trypan Blue exclusion and counted in a haemocytometer.
Cd-or Zn-resistant sub-line cells were obtained by a stepwise increase of the concentration of metal ions in the culture medium. Cells surviving after each increment were cultured at a constant metal concentration until they resumed a near-normal growth rate. Subsequently, a portion of these cells was exposed to the next increased metal concentration. The sub-line cells adapted to the various metal concentrations were kept frozen in liquid nitrogen until further use in these studies.
Determinatlon of LC5N values for Zn(ll) and Cd(ll)
In a 24-well culture plate about 5000 trypsinized RK-13 cells suspended in 0.5 ml of medium were seeded per well. After 24 h appropriate volumes of a 1 mM metal stock solution were added to yield the final metal concentrations. The cells were harvested and counted 24 h after metal administration. For each metal concentration cells from four wells were used to obtain a mean value. The half lethal concentration (LC50) was determined by interpolation from graphs of the logarithm of the number of living cells versus the metal concentration in the medium.
peak-area integration using a computerized data system. All results given here are the means of at least two experiments.
RESULTS
Toxicity of Cd(ll) and Zn(ll) and MT accretion in parental RK-13 cells The LC50 values of Cd(II) and Zn(II) for parental RK-13 cells were about 22 1tM and 160 ,tM respectively. Table 1 documents the cell attrition caused by metal concentrations higher than the LC50 values. While reaffirming the greater toxicity of Cd(II) these results indicate that Zn(II) manifests its toxicity over a narrower concentration range once its LC50 value is exceeded. Table 2 shows that under these conditions MT synthesis was strongly enhanced. Thus, in the presence of 50 1uM Cd(II) the total amount of MT per cell increased 7.4-fold within 24 h compared with the control, and with 100 ,M Cd(II) an 11.1-fold increase within 12 h was observed. Exposure to 140 ,uM Zn(II) resulted in a 3.6-fold augmentation within 24 h. Quantification of the individual isoforms, as performed by reversed-phase h.p.l.c. (Figure 1 ), shows that the amounts of all isoMTs were enhanced by metal exposure although to a widely different extent. On a relative scale the two minor isoforms MT-2d and MT-2e underwent the strongest increases, to be followed by MT-la. MT-2a remained the most abundant species but with the upsurge of the minor isoforms its relative contribution to total MT decreased ( Table 2) . (Table 2) . Interestingly, in the cells with the highest tolerance to Cd(II) there was an absolute and relative decrease of isoform MT-2d. The right-hand panels of Figure 3 shows that cells tolerant to (see above) the response of the Zn-resistant cells in producing inclreasing" cocnrain f 7Zn(TII showed, an analogous1 ac-_ MT7 wasn dir%spaced to a me-tal co^nce,ntration gyreanter than that cretion of MT. In accordance with the lower toxicity of Zn (II) observed in the studies with Cd(II), and there were also quan- titative differences in dose-response. Thus, the total MT content in sub-lines tolerant to lower concentrations of Zn(II), i.e. up to 100 ,M, increased monotonically without giving evidence for a saturable process. In cells of the sub-lines resistant to 150 ,uM Zn(II) and above there was again a continuous increase, leading in cells tolerant to 300 uM Zn(II) to an approx. 120-fold augmentation over that measured in parental RK-13 cells. The somewhat lower MT content in cells resistant to 350,tM Zn(II) was probably due to the delayed accretion of MT in cells of this sub-line (see Figure 6 ). Differences to the Cd-tolerant cells were also noticed in the development of the relative isoMT distribution (Figure 3 , bottom panels). While with increasing tolerance to Zn the minor isoforms MT-2d and MT-2e underwent strong absolute and relative increases no constancy in isoform ratio was attained. In fact, in cells of sub-lines tolerant to concentrations of 200,tM Zn(II) and more MT-2d vanished progressively and became almost undetectable in RZn350 cells.
Time courses of lsoMT accretion In growing cells exposed to Cd(ii) or Zn(ii)
Metal-specific differences were also manifested in the temporal response to the metal challenge in growing cells. Thus, upon addition of 20,uM Cd(II) to proliferating parental RK-1 3 cells the cellular content of all four isoMTs increased rapidly, reaching a maximum within 24 h (Figure 4 , left-hand panels). Another increase occurred after 72 h of culturing, possibly reflecting the onset of cellular selection for tolerance. In contrast with Cd(II) exposure, the response to Zn(II) was more delayed. Thus, the same cells growing in the presence of 100 ,tM Zn(II) reached a maximum MT content at about 72 h after metal addition ( Figure  4 , right-hand panels).
Comparable disparities in the response to metal exposure were observed in growing cells of metal-resistant RK-13 sub-lines. The time course of isoMT accretion and of cellular growth observed with cells selected for resistance to 60 ,uM and to 150 ,M Cd(II) are compared in Figure 5 . The cells of both sub-lines showed elevated initial levels of MT and responded upon renewed exposure to their tolerated concentrations of Cd(II) with an increase in cellular MT content to the levels measured previously in confluent cultures (Figure 3) . The two sub-lines differed, however, in the speed of adjustment. While RCd6O cells responded within 24 h with a growth-independent augmentation of MT ( Figure 5 , left-hand panels), there was a growth-correlated rise of cellular MT in the RCdl 50 cells. In both Cd-resistant celllines the relative distribution of the four isoforms remained unchanged throughout the observed growth period. The actual ratios of the isoforms were, however, quite different in the after 96 h and after termination of the growth period. The results also show that at both concentrations of Zn(II) the onset of logarithmic growth is strongly delayed. In contrast with the stable isoform profiles in the Cd-resistant cells both the RZn200 and the RZn350 cells showed changing ratios of the four isoforms during the observed growth period. Another difference to the Cd-resistant cells was the much greater relative abundance of the principal isoform MT-2a.
DISCUSSION
The present results confirm our previous findings that RK-13 cells respond to the exposure to elevated concentrations of Cd(II) and Zn(II) with an increased accretion of all four isoMTs [14] . However, the results also demonstrate that there are marked differences in the time course of the response, in its dose dependence and in the morphological accompaniments of the adaption of the cells to high concentrations of metal ions. Thus, while the cells adapted to 150 ,uM Cd(II) cover a surface about twice as large as the parental RK-13 cells (Figure 2b) , this relationship is opposite in the cells adapted to 350 ,uM Zn(1I) (Figure 2c ). While the causes of these morphological changes remain to be identified it is obvious that the respective volume differences must be considered when estimating the actual concentration of MT in the Cd-or Zn-exposed cells. We have measured the total MT concentration in RK- 1 [16] .
The response of all four active MT genes to the metal challenge is an argument for their organization in a gene cluster, as demonstrated previously for human MT genes [2] . The observed dose-dependent variations in the relative abundance of the various isoforms could arise either from changes in their ability to be activated by the sets of available transcription factors, or from some metal-induced changes in the access of the transcriptional machinery to the different genes in the chromosomal environment. That such metal-dose-dependent changes in regulatory potential contribute to the increased production of isoMTs is supported by our recent finding that the The different dose-response of MT formation in the cells adapted to lower concentrations of Cd(II) and Zn(II) could indicate some differences in the mechanism of induction of MT synthesis by these two metals (Figure 3) . The plateauing of the accumulation of MT with increasing Cd(II) concentration probably reflects a saturation phenomenon. Since the rabbit MT-la gene carries 11 potential MREs in its 5'-upstream sequence [6] it is conceivable that the putative transcription factors saturable by Cd(II) and interacting with the MREs are in limited supply. The progressively increasing accretion of MT with increasing Zn(II) concentration could result from contributions of additional MT-induction pathways not open to Cd(II).
Differences between the effects of Cd(II) and Zn(II) are also seen in the preservation of the isoMT profiles with time. Thus, while in cell-lines adapted to a given concentration of Cd(II) the isoMT profiles remained constant throughout the culturing time ( Figure 5 ) there is a temporal evolution in the profiles of the Znadapted cells and there is also a striking dissociation of MT accretion and cell proliferation not seen in the Cd-adapted subline cells. It is thus clear that isoMT accretion in response to Cd(II) or Zn(II) and to different concentrations of these metals must be viewed as the result of a variety of different adaptive mechanisms.
